Introduction
============

The MADS-box gene family encodes transcription factors with crucial roles in floral organ identity regulation and plant development ([@evy235-B42]). MADS-box genes can be classified into the following 14 clades: StMADS11, AGL17, AGL12, TM3, *FLOWERING LOCUS C* (*FLC*), AGL6, AGL2, SQUA, AG, TM8, OsMADS32, DEF/GLO, GGM13, and AGL15 ([@evy235-B16]; [@evy235-B10]). Some of these clades include floral organ identity genes that can be subdivided into four functional classes: A, B, C, and E genes. These genes are responsible for five different homeotic functions, with A specifying sepals, A + B + E for petals, B + C + E for stamens, C + E for carpels, and D (sister of C genes) for ovules ([@evy235-B44]; [@evy235-B20]). In contrast, other MADS-box genes, such as *SHORT VEGETATIVE PHASE* (*SVP*), *SOC1*, and *GMADS*, are generally not regarded as core genes involved in floral organ identity ([@evy235-B17]; [@evy235-B55]).

In *Arabidopsis*, the two *SVP* paralogs, *SVP/AGAMOUS-LIKE22* (*SVP/AGL22*) and *AGL24*, are implicated in floral transition and development. *SVP* is expressed broadly during vegetative development in leaves and shoot apices, and it acts together with *FLC* to negatively regulate *SOC1* and *FT* to suppress flowering ([@evy235-B61]). In contrast, *AGL24* acts as a flowering activator and promotes *SOC1* expression during inflorescence development ([@evy235-B17]). *svp* and *agl24* mutants are phenotypically distinct in terms of flowering time but have similar leaf-like sepals ([@evy235-B18]; [@evy235-B17]). In the early stage of flower development, *SVP* and *AGL24* act together with *AP1* to maintain floral meristem identity. In temperature-dependent flowering regulation, the *SVP-FLM-β* complex is predominately formed at low temperatures and prevents precocious flowering ([@evy235-B31]; [@evy235-B40]). Additionally, *SVP* can reduce gibberellin biosynthesis at the shoot apex to regulate the floral transition ([@evy235-B3]).

Homologs of *Arabidopsis SVP* and *AGL24* with similar functions have been identified and characterized in many species including potato ([@evy235-B14]), Brassica plants ([@evy235-B30]), barley ([@evy235-B57]), rice ([@evy235-B12]), and the woody perennials *Paulownia kawakamii* ([@evy235-B47]) and eucalyptus ([@evy235-B9]). However, *SVP* homologs with distinct functions have also been identified in other species. For instance, overexpression of *MtSVP1* (*SVP1* of *Medicago truncatula*) caused floral defects and delayed flowering in *Arabidopsis* but only affected floral development in *M. truncatula*, indicating that *MtSVP* might have undergone subfunctionalization ([@evy235-B23]). Of the four *SVP* homologous genes in kiwifruit, only *SVP1* and *SVP3* are able to complement the *svp* mutant, whereas the others have distinct roles during bud dormancy ([@evy235-B62]; [@evy235-B60]). *SVP* genes from *Narcissus tazetta*, the herbaceous perennial *Gentiana triflora*, and the basal eudicot *Epimedium sagittatum* are also associated with dormancy transition ([@evy235-B34][@evy235-B35]; [@evy235-B63]).

In this study, we performed systematic phylogenetic analyses of the SVP subfamily in eudicots and found that an ancient whole-genome triplication (WGT, γ) event generated three groups of SVPs. Besides the well-known clades of SVP and AGL24, there is a third group of *SVP* genes (SVP3), some of which have been lost in Brassicaceae and other species. In some species, tandem duplication and lineage-specific duplication contributed to *SVP* gene family expansion. We calculated the rates of synonymous and nonsynonymous substitution, performed promoter region analysis, and investigated the expression patterns of duplicated gene pairs in the three clades. The present findings indicate the functional diversity of *SVP* genes in eudicots.

Materials and Methods
=====================

Identification of *SVP* Homologous Genes in Eudicots
----------------------------------------------------

All eudicot and *Amborella* whole-genome data were downloaded from the Phytozome v12.0 database ([@evy235-B15]) (<https://phytozome.jgi.doe.gov/pz/portal.html>) and the genome databases listed in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. The water lily (*Nymphaea colorata*) genome was recently sequenced by our laboratory and stored in the database: [www.angiosperms.org](http://www.angiosperms.org) (unpublished data). *SVP* homologs were obtained by running a local BLASTp search ([@evy235-B2]) using the *Arabidopsis* SVP sequence (AT2G22540) as a query against all protein sequences in each genome with an *E*-value cutoff of 10^−5^. All hits were analyzed for the MADS-box (PF00319) and K-box (PF01486) domains using HMMER software ([@evy235-B11]). Multiple sequences were aligned using the accurate alignment software MAFFT with default parameters ([@evy235-B24]), and a phylogenetic tree was generated. The maximum likelihood (ML) tree was constructed with FastTree software using the JTT+CAT model ([@evy235-B48]).

SVP Sequence Alignment and Phylogenetic Tree Construction
---------------------------------------------------------

All SVP amino acid sequences were aligned using MAFFT then used to construct the phylogenetic tree. Both Bayes and ML phylogenetic analyses were performed using CIPRES v3.3 ([@evy235-B41]) (<https://www.phylo.org/portal2>). For Bayes, we used MrBayes v3.2 ([@evy235-B51]) set to 8,000,000 generations and 4 Markov chains, and the first 25% of the trees from all runs were discarded. For ML, we used RAxML v8.2.10 ([@evy235-B54]) and assumed a general time of nucleotide evolution. Default parameter settings were used to construct SVP phylogenetic trees in FastTree v2.1.10 ([@evy235-B48]).

*Cis*-Regulatory Element Prediction in the 3-kb Upstream Regions of *SVP* Genes
-------------------------------------------------------------------------------

For genes in all three SVP clades, the promoter sequences comprising at least 3 kb of the upstream regions were downloaded from the genome databases (Phytozome v12.0) listed in [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. The PlantCARE ([@evy235-B33]) and PLACE ([@evy235-B19]) databases were used to predict the conserved *cis*-regulatory elements in the promoter regions.

Analysis of Positive Selection
------------------------------

The ratios of synonymous substitution (d*S*) and nonsynonymous substitution (d*N*) in or between different clades were calculated with the Ka/Ks calculator ([@evy235-B68]). In this study, we used phylogenetic analysis by ML (PAML) ([@evy235-B66]) to evaluate positive selection in the SVP family. To explore how selection occurred in SVP1, SVP2, and SVP3, a branch model was used to evaluate the *ω* value for each clade. A likelihood ratio test (LRT) was performed to accept or reject the hypothesis of model 0 (only one *ω* value in the tree) and model 2 (allow *ω* value to vary among foreground and background branches) in the three clades. The significance of the LRT was calculated with the assumption that it was twice the difference in the log of maximum-likelihoods and was distributed normally as a *χ*^2^ distribution, with the degrees of freedom (df) calculated by the difference in the number of parameters in the models. Positive selection was also detected using the branch site model. The test was based on the comparison between the following two models: A model (MA) that allowed positive selection on one or more branches and another model (MA1) that did not allow positive selection. Each of the three clades was set as foreground for testing positive selection sites. The LRT was used to accept one of the models, but in this case, the *P*-value obtained for the *χ*^2^ distribution of 2LRT was divided by two df. When the LRT suggested the action of positive selection, Bayes Empirical Bayes (BEB) analysis was used to evaluate the posterior probability (pp) that each codon belonged to the site class of positive selection on the foreground branch.

Homology Modeling and Evolutionary Conservation Analysis across Residues
------------------------------------------------------------------------

Motif analysis was conducted using MEME v5.0 software ([@evy235-B5]). Sequence logos were generated from the web-logo website (<http://meme-suite.org/>). Using gene IDs from different SVP groups, we determined the collinearity of genomic segments from the same species and different species using the PGDD website (<http://chibba.agtec.uga.edu/duplication/>) ([@evy235-B32]). A synteny plot for the SVP family was constructed using PLAZA v3.0 ([@evy235-B50]). The structures of all SVP proteins were generated de novo using the I-TASSER Server ([@evy235-B65]). Top-scoring models were chosen, and all structures in the figures were visualized using PyMOL v2.0 software ([@evy235-B1]). The evolutionary conservation scores across amino acid residues were calculated in the Consurf server ([@evy235-B4]) using a sequence alignment that included three clades of SVP members. All images were modified and represented using PyMOL v2.0 software ([@evy235-B1]).

Gene Expression Analysis
------------------------

RNA expression data were downloaded from previous studies of soybean ([@evy235-B53]), grape ([@evy235-B26]), poplar (SRR6031364-95 in NCBI-SRA database), and apple ([@evy235-B28]). Using Hisat2 v2.0.1 ([@evy235-B27]), reads were mapped to the soybean genome (*Glycine max* Wm82.a2.v1), grape genome (*Vitis vinifera* Genoscope.12X), poplar genome (*Populus trichocarpa* v3.0), and apple genome (*Malus_x\_domestica*-genome_GDDH13_v1.1). The reads were assembled and quantified using StringTie v1.2.2 software ([@evy235-B46]). Gene expression levels were calculated as fragments per kilobase of exon per million fragments mapped (FPKM). Differentially expressed genes were analyzed with the R package of Ballgown ([@evy235-B13]). Transcriptome analysis was performed according to a previously described transcriptome protocol ([@evy235-B45]).

Results
=======

Identification of *SVP* Genes in Eudicots
-----------------------------------------

Using the *Arabidopsis* SVP (AT2G22540) protein sequence as a query, 10,275 hits were obtained in 2 basal angiosperms and 81 eudicots ([fig. 1](#evy235-F1){ref-type="fig"}). *MADS-box* genes in angiosperms can be divided into 14 subclades, and the SVP subclade represents only 1 group among them ([@evy235-B16]). Therefore, the BLAST hits were not limited to *SVP* genes, so a phylogenetic tree was subsequently constructed using all of the obtained sequences. The approximate ML tree generated using FastTree software ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) placed all of the candidate genes into 12 subgroups (AP1, FLC, SEP, SOC1, AG, GMADS, AGL15, ANR1, AGL32, AP3/PI, SVP, and AGL12). The SVP group contained some genes that were experimentally characterized as *SVP* homologs, including *Arabidopsis SVP* (AT2G22540) and *AGL24* (AT4G24540). Based on this analysis, 310 full-length sequences from the SVP group were retained for subsequent analyses ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![---Phylogeny of all *SVP* genes in eudicots and two basal angiosperms. (*A*) Using basal angiosperm *SVP* genes (from *Amborella trichopoda* and water lily) as the outgroup, the SVP members from eudicots were classified into three clades (SVP1, SVP2, and SVP3) based on their phylogeny. (*B*) The left panel lists all the eudicot families and the number of species included in this study. The right panel indicates which SVP clades were present in each eudicot family. Y, present; N, absent.](evy235f1){#evy235-F1}

Phylogenetic Analysis Revealed *SVP* Gene Family Expansion by Whole-Genome Duplication and Tandem Duplication
-------------------------------------------------------------------------------------------------------------

To investigate the evolutionary history of the plant *SVP* gene family, we constructed ML and Bayes trees using the 310 full-length SVP group protein sequences and 2 basal angiosperm (*Amborella trichopoda* and *N.colorata*) SVPs as an outgroup. Based on the topology and pp \>80, *SVP* genes in eudicots were divided into three clades ([figs. 1 and 2](#evy235-F1){ref-type="fig"}). The SVP1 clade contained genes that were previously experimentally characterized as *SVP* genes, including those from Arabidopsis *thaliana*, *P.trichocarpa*, and *V.vinifera*. The AT4G24540 sequence in the SVP2 clade was previously identified and characterized as *AGL24*. SVP1 clade genes were present in all of the analyzed eudicot species. SVP2 clade genes were absent in the Ranunculaceae, Nelumbonaceae, Crassulaceae, Linaceae, Lentibulariaceae, and Phrymaceae. The SVP3 clade clustered with SVP2 as a sister group, and SVP3 genes were absent in the Ranunculaceae, Nelumbonaceae, Linaceae, Fagaceae, Lythraceae, Myrtaceae, Rutaceae, Caricaceae, Myssaceae, Araliaceae, and Brassicaceae ([fig. 1](#evy235-F1){ref-type="fig"} and [supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Only one *SVP* gene was identified in the basal angiosperms *A. trichopoda* and *N. colorata*, but many copies were identified in eudicots. The analysis suggested that there were at least 3 copies of *SVP* in each eudicot species, but there were many species with at least 6 copies, such as *Gossypium hirsutum* with 11 copies, indicating expansion of the *SVP* genes in some species. Examples of a high copy number for a specific clade include *Utricularia gibba* and *Kalanchoe laxiflora*, each with six copies in the SVP1 clade; *Fragaria vesca* with five copies and *Prunus mume* with six copies in the SVP2 clade; and *G.max* with six copie**s** and *G. hirsutum* with five copies in the SVP3 clade.

![---Phylogenetic tree of representative *SVP* genes in eudicots. (*A*) The phylogenetic tree was constructed using ML and Bayes method, and the *A. trichopoda SVP* gene was used as the outgroup. Group SVP1, magenta; AGL24/SVP2, blue; SVP3, yellow. The *ω* (d*N*:d*S*) values calculated by PAML software are marked in each clade. (*B*) Motif analysis showing structural differences in the three SVP clades. *SVP* genes include the following three domains: MADS-box, K-box, and C-terminal region.](evy235f2){#evy235-F2}

Whole-genome duplications have a major impact on gene copy number in plants ([@evy235-B39]). Synteny analyses showed clear collinearity relationships in SVP1 and SVP3 and in SVP2 and SVP3, such as in *P. trichocarpa*, *G. max*, and *P. vulgaris* ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online)*.* We used the synonymous substitution rates (Ks) as a proxy value for time to compare the date of gene duplications. Most of the Ks values were \>1 among the three different clade gene pairs ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The three SVP clades probably resulted from an ancestral polyploidy event shared by all core eudicots, with some species having many copies belonging to specific clades. For example, *P. persica* had four copies and poplar had three copies of genes in the SVP2 clade. These genes were located in adjacent regions in collinear genomic segments (such as in *P. trichocarpa*, *G. max*, and *P. persica*; [fig. 3](#evy235-F3){ref-type="fig"}). Most Ks values of the *SVP* gene pairs were \<0.5 ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting expansion of the *SVP* gene family by tandem duplication. There was also evidence of lineage-specific duplication events contributing to the expansion of the *SVP* gene family in poplar and soybean, resulting in five and six copies, respectively ([fig. 2*A*:](#evy235-F2){ref-type="fig"} SVP3 clade). However, the tandem duplication events differed between poplar and soybean. In *G. max*, tandem duplication occurred prior to a whole-genome duplication event, whereas the opposite process appears to have occurred in poplar. In collinear genomic segments (including ten genes adjacent to *SVP* genes), seven genes adjacent to the *SVP* genes belonged to corresponding gene families only in three Brassicaceae species (SVP1 group), and four adjacent genes belonged to the corresponding gene families in poplar and soybean species (SVP3 group) ([supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![---Structure of *SVP* tandem duplication gene clusters in specific species. Conserved regions with variable numbers of *SVP* genes in different orientations located in syntenic regions of the genome. Chr and Scaffold indicate the chromosome and scaffold number for the individual species. *SVP* genes are marked in red, and the orientations of these genes are indicated by the arrows.](evy235f3){#evy235-F3}

SVP3 Clade under Positive Selection
-----------------------------------

A possible functional divergence of *SVP* genes was found among the three clades in eudicots, and we hypothesized that the different SVP clades had undergone adaptive evolution and that some amino acid residues might correlate with functional diversification. To test this hypothesis, we investigated selection models for each clade using Codeml ([@evy235-B66]). An initial examination of selection patterns among SVP1, SVP2, and SVP3 using branch model analysis showed a significant difference between the null model and two-branch model (*P* = 0.0262). The results indicated low d*N*:d*S* (*ω*) values for SVP1 (0.0391) and SVP2 (0.3025) but a relatively higher *ω* value for SVP3 (0.8934) ([table 1](#evy235-T1){ref-type="table"} and [fig. 2](#evy235-F2){ref-type="fig"}). The branch site model was subsequently used to test the three groups, with each individual group as foreground and all three groups as background. BEB was used to calculate the pp of sites resulting from the site class with *ω* \> 1. Seventeen positive selection sites were detected in the SVP3 clade, one site was identified in the SVP2 clade, and no sites were identified in the SVP1 clade. Two sites in the SVP3 clade with pp \>0.95, V37 (BEB =0.993\*) and E64 (BEB =0.959\*) were identified as having potential roles in functional divergence. These two sites were both located in the MADS-box domain. The other 15 sites under positive selection were located in the MADS-box and K-box domains ([tables 2](#evy235-T2){ref-type="table"} and [3](#evy235-T3){ref-type="table"} and [fig. 4](#evy235-F4){ref-type="fig"}). Table 1LRT of Branch Model in the SVP Gene Family in EudicotsModelln *L*Parameter Estimates *ωP*-ValueSVP1SVP2SVP3Model 2−10309.0336960.03910.30250.89340.0262\*Model 0−10313.6574430.1925Table 2LRT of Branch Site Model for the SVP Gene Family in EudicotsCladeModelln *L*Parameter EstimatesPositive Selection Sites*P*-ValueSVP1Model A−10171.89Site class012a2bNot found1*f*0.79440.20550.000000.00000*ω*00.15851.00000.158561.00000*ω*10.15851.00001.000001.00000Model A null−10171.891SVP2Model A−10171.81Site class012a2b7 Q 0.5721*f*0.66980.17360.124300.03223*ω*00.15811.00000.158181.00000*ω*10.15811.00001.000001.00000Model A null−10171.811SVP3Model A−10165.50Site class012a2b[Table 3](#evy235-T3){ref-type="table"}0.7910*f*0.56750.14730.226410.05877*ω*00.15441.00000.154411.00000*ω*10.15441.00003.439073.43907Model A null−10165.541Table 3Sites Predicted to be Under Positive Selection in the SVP3 GeneAmino Acid PositionSVP Amino Acid (AtSVP Site)BEB Value44 E0.7473333E0.8263737 V0.993\*\*4343 V0.8404747 I0.8536364 E0.959\*6465 V0.8576566 L0.8046769 H0.6028191 N0.5138393 D0.83790105 S0.51792107 R0.83996111 M0.797111126 Q0.811128154 Q0.776141168 R0.565

![---Logos indicating sequence conservation and positive selection sites in the three SVP clades. Positive selection sites in the SVP2 and SVP3 clades are marked with red and blue stars, respectively. One of the SVP2 positive selection sites was located in the MADS-box domain. Nine and eight SVP3 positive selection sites were located in the MADS-box and K-box domains, respectively.](evy235f4){#evy235-F4}

In some species, such as *P. persica*, *P. trichocarpa*, and *K. laxiflora*, a high number of *SVP* genes belonged to a specific clade. To test whether there was a significant difference in the selection pressure among the three SVP clades, we performed a branch model test in each species. Free ratio model tests were used, which allows an independent *ω* value to be calculated for each branch. These analyses indicated three branches in *K*. *laxiflora*, four branches in *P. trichocarpa*, and one branch in peach with a *ω* ratio \>1 ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Among these branches, two branches of *K. laxiflora* existed in the SVP1 clade, and two branches of strawberry and four branches of apple in the SVP2 clade were subjected to selection. These findings indicated that selection constraints occurred not only in the SVP3 clade but also in SVP1 and SVP2.

Promoter *Cis*-Regulatory Element Prediction
--------------------------------------------

To investigate the possible role of *cis*-regulatory elements in the promoter regions of *SVP* genes, we analyzed the 3 kb region upstream of the translation start site of 45 *SVP* genes. Based on their functional differences, the identified *cis*-regulatory elements were classified into the following seven groups: Abiotic, biotic, tissue-specific, core promoter element, light responsive, circadian, and cell cycle. *Cis*-Regulatory elements related to abiotic stress response, such as ABRE3a and ABRE4 involved in the abscisic acid response, were present in six SVP2 genes, seven SVP3 genes, and only one SVP1 gene. The ethylene response-related ERE element was more abundant in the SVP3 group than in SVP1 and SVP2. The P-box motif associated with gibberellin responsiveness was identified in nine SVP2 and eight SVP3 genes ([fig. 5](#evy235-F5){ref-type="fig"} and [supplementary tables S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The biotic stress-related TCA-element, which is involved in salicylic acid responsiveness, was found in three SVP1, seven SVP2, and five SVP3 genes ([fig. 5](#evy235-F5){ref-type="fig"} and [supplementary tables S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The CCGTCC-box is a regulatory element related to meristem-specific activation and was present in one SVP1, three SVP2, and five SVP3 genes ([fig. 5](#evy235-F5){ref-type="fig"} and [supplementary tables S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). There were large differences in the number of genes containing the following light response elements, and the numbers in parentheses indicate the number of analyzed genes in SVP1, SVP2, and SVP3 groups containing the indicated element: ACE (3, 3, 6); chs-CMA1a (1, 5, 5); GATA-motif (4, 8, 11); I-box (10, 3, 4); and A-box (1, 4, 5). Additionally, the GAP-box was present in only three SVP3 genes ([fig. 5](#evy235-F5){ref-type="fig"} and [supplementary tables S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The circadian responsive element (Circadian) was found in three SVP1, six SVP2, and nine SVP3 genes ([fig. 5](#evy235-F5){ref-type="fig"} and [supplementary tables S4 and S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![---*Cis*-Regulatory elements identified in the three SVP clades. The promoter regions (3 kb upstream of the transcription start site) of *SVP* genes in each of the three clades were scanned for *cis*-regulatory elements. Seven groups of *cis*-regulatory elements (abiotic, biotic, tissue, light response, core promoter element, circadian, and cell cycle) are listed in the *X* axis, and gene IDs are listed in the *Y* axis. Yellow triangles with a blue outline denote a difference in the three SVP clades for the indicated *cis*-regulatory element. The color key from white to red indicates the number of *cis*-regulatory elements in the promoter region from 0 to 10^+^.](evy235f5){#evy235-F5}

Conservation and Variation in Sequence Composition, Motifs, and Spatial Structure
---------------------------------------------------------------------------------

To identify conserved and variant features of *SVP* sequences, sequence logos were generated to visualize their components ([fig. 4](#evy235-F4){ref-type="fig"}). Among the three clades, SVP3 exhibited the most site variation, and many of these sites were in the K-box domain. At the motif level, most *SVP* genes in all species were highly conserved and had similar structures, including the typical MADS-box domain, K-box domain, and C-terminal region. Eight motifs (1, 2, 3, 4, 5, 6, 8, and 9) were conserved in all *SVP* sequences, and some of these were highly conserved sequences in the MADS-box and K-box domains ([fig. 2*B*](#evy235-F2){ref-type="fig"}). Motifs 5 and 8 were the most highly conserved in *SVP* genes. Motif 7 in the intervening (I) region was highly conserved in the SVP1 and SVP2 clades but was lost in some species in the SVP3 clade. Much greater differences were observed among the three SVP groups for the C-terminal region. Motifs 12 and 14 were specific to the SVP1 clade, and motif 13 was unique to Brassicaceae species. Motifs 11, 15, and 16 existed in some species in the SVP2 clade. Motifs 11--16 were all absent or lost in the SVP3 group. Using the multiple sequence alignment of all *SVP* genes, we calculated the conservation score for each position using the ConSurf web server (<http://consurf.tau.ac.il/2016//>credits.php). We found that the MADS-box and K-box domains formed a groove, which could potentially interact with DNA regions ([fig. 6](#evy235-F6){ref-type="fig"}). The MADS-box domain was highly conserved in all *SVP* genes compared with the K-box domain and the C-terminal region.

![---Positive selection sites in the three-dimensional structure of the SVP protein. Residues are marked with different colors according to the degree of conservation. Conserved sites, magenta; variable sites, blue; and positive selection sites, green. (*A*) Positive selection sites shown in a variation of the three-dimensional structure of the SVP protein. (*B*) The MADS-box domain binding to DNA.](evy235f6){#evy235-F6}

Expression Profiles of *SVP* Genes in Eudicot Plants
----------------------------------------------------

To investigate the possible functional roles of different *SVP* homologs, we analyzed *SVP* expression patterns from *G. max* ([@evy235-B53]), *V. vinifera* ([@evy235-B26]), *P. trichocarpa* (SRR6031364-95 NCBI-SRA database), and *M. domestica* ([@evy235-B28]) based on published RNA-seq data ([fig. 7](#evy235-F7){ref-type="fig"}). In soybean ([fig. 7*A*](#evy235-F7){ref-type="fig"}), *SVP* expression profiles were analyzed for cotyledons, flowers, leaves, axillary buds, pods, seeds, roots, shoot meristems, and stems. The SVP2 gene *Glyma06G095700* was not expressed in any of the tissues, whereas the SVP2 gene *Glyma02G041500* was highly expressed in axillary buds and apical meristems (16 and 10 FPKM \[fragments per kilobase of exon per million fragments mapped\], respectively). The soybean SVP1 gene was expressed in roots, stems, axillary buds, and shoot meristems. SVP3 genes were highly expressed in axillary buds and shoot meristems (33 and 22 FPKM, respectively), indicating their involvement in bud development. To assess the relationship between bud dormancy and *SVP* genes, we analyzed different tissues during bud dormancy ([fig. 7*B*--*D*](#evy235-F7){ref-type="fig"}). In grape, the SVP1 gene *GSVIVG01005934001* was expressed during the endormancy, summer bud, and paradormancy phases (24, 44, and 54 FPKM, respectively), and two SVP3 genes (*GSVIVG01001701001* and *GSVIVG0101564100*) were highly expressed in summer buds and during paradormancy (33, 27 and 30, 47 FPKM, respectively). In poplar, one SVP2 gene (*Potri.002G105600*) exhibited the highest expression in predormant buds (59 FPKM), but its levels gradually decreased in early dormant buds, swelling buds, fully open buds, and late dormant buds (38, 32, 26, and 21 FPKM, respectively). The poplar SVP1 gene *Potri.007G010800* was expressed in all stages of bud development. In apple, only one SVP2 gene (*MD15G1384500*) was highly expressed in dormant buds in low and high chill temperatures (489 and 703 FPKM), and its expression level was reduced with warmer temperatures.

![---RNA-seq expression patterns of different *SVP* genes. (*A*) Heat map showing different expression levels of *Glycine max* (soybean) *SVP* genes in cotyledons, flowers, leaves, leaf buds, pods, pod seeds, stems, roots, seeds, and shoot meristems. (*B*) Heat map showing different expression levels of grape *SVP* genes in endodormancy buds, summer buds, and paradormancy buds. (*C*) Heat map showing different expression levels of poplar *SVP* genes in predormant buds, early dormant buds, late dormant buds, swelling buds, fully open buds, and flowers. (*D*) Heat map showing different expression levels of apple *SVP* genes in dormant buds, silver tips, green tips, and initial fruits under low and high chill treatment.](evy235f7){#evy235-F7}

Discussion
==========

The *SVP* genes in *Arabidopsis*, *SVP* and *AGL24*, are well studied and are known to have opposing functions in terms of flowering time regulation. In contrast, our knowledge about *SVP* genes in other species is still limited. *SVP* genes have different roles apart from flowering time regulation in some species, including the regulation of bud dormancy in kiwifruit ([@evy235-B62]) and reproductive organ development in gymnosperms ([@evy235-B10]). Investigating the evolutionary history of the *SVP* genes is an important first step for advancing our understanding of their functional diversity. The present findings provide a broad overview of *SVP* genes in eudicots based on analyses of their evolution and expansion history, structural variation, promoter *cis*-regulatory elements, adaptive selection, and functional diversification.

Evolution, Conservation, and Expansion of *SVP* Genes in Eudicots
-----------------------------------------------------------------

*SVP* genes are highly conserved in all plants, especially in angiosperms ([@evy235-B25]). However, a previous study about MADS-box gene evolution in gymnosperms revealed that the *SVP* gene family expanded in gymnosperms and that disrupting their function could affect reproductive organ development ([@evy235-B10]). Compared with gymnosperms, the *SVP* gene family did not expand much more in ortholog lineages, despite the existence of at least one gene in each subclade in most species. Our phylogenetic and collinearity analyses indicated that at least one ancient genome duplication event may have occurred in the molecular evolution of the SVP subfamily in eudicots, resulting in three clades (SVP1, SVP2, and SVP3). The triplication (γ) took place ∼140 Ma after the monocot--dicot split and before the separation of the asterid and rosid clades ([@evy235-B8]; [@evy235-B22]). We therefore infer that the three SVP clades probably derived from an ancient WGT (γ) event ([table 1](#evy235-T1){ref-type="table"} and [supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Half-life can be used to estimate the longevity of genes resulting from an ancient duplication event ([@evy235-B36]). A previous study showed that the half-life of γ duplication is 31.3 Myr, with 4.4% of duplicates still retained ([@evy235-B38]). In our study, the SVP1 and SVP2 clades were highly conserved and present in nearly all eudicots ([fig. 1](#evy235-F1){ref-type="fig"}). Although all perennial plants retained SVP3 genes, they were not present in annual plants such as Brassicaceae. We hypothesize that the lifespan of SVP3 genes has been influenced by their biological function as well as selection processes. A similar evolutionary pattern was reported for the MADS-box gene *AGL6*, which was lost in Brassicaceae species and other core eudicots ([@evy235-B59]). Some species were found to have multiple SVP3 members, such as *P. trichocarpa* (5) and *G. max* (6), resulting from tandem duplication and lineage-specific whole-genome duplication. In *Arabidopsis*, the most recent α WGD took place ∼50--60 Ma, and the half-life of the α WGD was estimated to be 17.3 Myr ([@evy235-B37]). In soybean and poplar, the respective whole-genome duplication events are estimated to have occurred ∼13 Ma ([@evy235-B58]; [@evy235-B52]), which may explain the retention of SVP3 genes in the soybean and poplar genomes. However, the timing of tandem duplication events differed between soybean and poplar. In soybean, tandem duplication occurred before whole-genome duplication, whereas the opposite appears to have occurred in poplar. Tandem duplication of *SVP* genes also occurred in *U.gibba* ([@evy235-B29]), and the authors of that study proposed that under substantial purifying selection, the individualized genomic architecture of a plant may play an important role in adapting to special environmental conditions ([@evy235-B29]).

The gene balance or gene dosage hypothesis is one model describing the maintenance of duplicate genes ([@evy235-B6]), with the dosage change in quantity affecting the function of the whole complex ([@evy235-B7]). In our study, there were many examples of *SVP* gene family expansion resulting from tandem duplication events, such as in soybean, grape, and *P*. *trichocarpa.* The increased number of *SVP* genes in such species may have been beneficial for flowering time regulation, especially in variable environments. Thus, dosage selection may have contributed to the retention of tandemly duplicated genes and functional divergence in the SVP subfamily.

Diverse Functions of *SVP* Genes in Eudicots
--------------------------------------------

Gene duplication is regarded as the main driving force for acquiring new genes and creating genetic novelty in organisms, including neofunctionalization and subfunctionalization ([@evy235-B56]). Gene duplication allows a gene to be free from certain selection pressure and eventually accumulate mutations that can lead to a new function or complete loss of function ([@evy235-B49]). A previous study showed that selection on a new function can also contribute to duplicate retention ([@evy235-B43]). In our study, the SVP3 clade had the highest d*N*:d*S* values among the three SVP clades and was under positive selection.

*SVP* homologs in different species have been found to have different functions. In *Arabidopsis*, *SVP* and *AGL24* have opposite functions during the floral transition ([@evy235-B18]; [@evy235-B67]). *SVP* homologs in the SVP2 and SVP3 clades may function as suppressors during bud dormancy in kiwifruit, to prevent the growth of flowers and premature development during unfavorable winter periods ([@evy235-B62]). *PpDAM5* and *PpDAM6* of the SVP3 clade are involved in lateral bud endodormancy in peach ([@evy235-B64]). In our analysis of published RNA-seq data, we found that one of the SVP3 genes in soybean was highly expressed in axillary buds and shoot meristems, and two grape SVP3 genes were highly expressed during endodormancy and paradormancy. Two SVP2 genes in poplar and apple exhibited high expression patterns in all stages of bud development and may therefore be involved in bud dormancy. Promoter *cis*-regulatory element analysis revealed a greater abundance of ABRE (abscisic acid response), ERE (ethylene response), and P-box (gibberellin responsiveness) elements in the SVP3 clade than in SVP1 and SVP2. It is well established that abscisic acid, ethylene, and gibberellin greatly affect bud dormancy ([@evy235-B21]). Twenty-three light response elements were identified in the promoter regions of *SVP* genes, and further analysis will be required to understand their contribution to the functions of *SVP* genes. Altogether, these examples underscore the diverse functions of *SVP* genes in eudicots.
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